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ABSTRACT 


The mechanism of gas movement in the electric wind is 
considered and an approximate theory presented which relates 
relevant eléctrical and mechanical quantities. Among others, 
the following réGlationships are shown to hold: Velocity is 
a linear function of voltage and is proportional to the square 
root of current; if the density of the gas is not too low the 
efficiency of electrokinetic conversion is proportional to the 
@ensity and the velocity is independent of the density; near 
syvarkovec efficiency is independent of voltage; velocity in- 
ereases slowly as blowers are stacked in series; the rate of 
ozone generation in the corona discharge in air is an increasing 
function of electric-wind velocity. fhe forms o? the equations 
releting these variables are fcund to hold in a variety of 
cages even though assumed boundary conditions are not observed 
experimentally. The practical utility of an electrostatic 
biower 1s Limited by en efficiency of operation in the neighborhood 
of one percent. A survey of the literature and an extensive 
biblicgraphy are included. 
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INTRODUCTION 


The phenomenon variously known as the electric wind, corona 
wind and electric aura refers to the movement of gas induced by 
the repulsion oF ions from the neighborhood of a high-voltage 
discharge electrode. The effect is most commonly observed with 
atmospheric air, but other gases and insulating liquids may 
alge bs employed eg the ton source and carrier medium. 


In the following study we sheil be concerned chiefly with 
air anc shall exemine the practicability of using the electric 
Wine 26 an airemoving mechanism. An @lectrostatic# blower 
operating on thie principle directly converts electrical energy 
into the kinetic energy of 2a moving gas stream. Thus, Lacking 
roving parte, it cau have advantages over conventional fans in 
areas of applicution where highevoltage lowecurrent pover is 
available, gimpie sturvdy construction is required and noise, 
gyroscopic effects aad other consequences of rotational motion 
cannot te tolerated. On the other haad, for gases but not 
necessarily for Liguids, the cleetiastatic blower is seriously 
handicapped by an erficiency of electrokinetic conversion of 
ebout one percent as compared to 60 or 79 percent commonly 
Found in conventions’ fans. 


The older textbooks on electricity eud magnetism almost 
invariably vontainea a discussion of the vsiectric wind. Today, 
thin phenomenon, vhich was deemed worthy of attention oy Newton, 
Faruday, Maxvell, and a host of otvnmers, is generally ignored. 
The current literatrre on the subject is geanty and an up-toe 
cate bibliograpay apparently does not exist. The only compre- 
renulve ecurveys of the literature seem to be that of Tomlinson 
(99), ip English, cevoring the period 1760-1864, and that of 
Rehman, in German, fox the perlod 1760-1898 (61, 62). I+t is 
cf practical importuace and historical Interest to extend these 
cates in both directions. The appended review and bibliography 
will, therefore, be longes then ig customary in a veport of 
this type. 


tate eee ne 


ea te eer oe 


*i{nu coniormity #itu crequent utage clectrogtatics ig taken to 
inecluee fow-curren’t, ulgh-voltage precesscse. An Glectrostat¢iec 
tlower mey draw guacesda of micrcanperes of current and is, 
therefore not strictiv a static device. 
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THEORY 


Slectrieal fundamentals. If aa eiectric field is impressed 
upon a4 donizag gaée the ions will treverse the field and, by 
repeated collision vith the uncharg2a molecules present, induce 
an ovecsll motion in the curreundias volume of gas. The corona 
discharge in alr offers the simplest means ror establishing 
thene sonditions.e Yar a soticeable electric-wind effect, it 
igs mot necessary thet the gag oe heavily ionized. Indeed, heavy 
sontzation is mot poasibhe ig the etrona discharge. Fox 
atmosynesic alr, unter Gre Experimental cenditions ty be 
degeyibed, @ maximize concentration of one 3.oa per 10°" molecules 
da characteristic. 


oe Bieets inane. rome consicts essentially of an 


the. ag. being moved. tack joriaitesinat volume of gas between 

the electrodes comtsine an electric charge of density ( coul/m* 

and if ected upot ey an electric field of intensity B newton/coul 
(av/m)*. Che prods t pr therefore alia the electrical force 
exerted on a unit volume of charged gas Foree per unit volume 

je the force per uszit eres per unit atetance perpendicnlar to 

the area La guestion and may be represented as o pressure gradient 


wp 2 Pt, (1) 


ss] : 
where p it “he presvure in nevton/n*. Yaeld intensity ond space. 
charge G6ensaty ave related by Poiscon's equation 


wheve & dg she ebso.ute dislectric tomstant of the gas in fered/me 
Pquation (2) enables us to eliminate © fom Equation (2) 


= 


Vo wth (9- FE), (3) 


fhe faprcesed voltat.s V (vj doa count to tbe ditrerence ia potential 
eeross: the svo Glesteodese The potentie. 4 (v) anywhere ia tae 
eyaven i8 42ven by 


Lary 


«+? (4) 


Pht passage of eurvent oetveen the slectrodes is tae reeult 
cY “Wo eluuitaneous s?fectsa: (1) movement of charge relative 
to whe rein body of ..48 end (2) treasporé of charge doy, rather 
thea throug, the @.3 streag. Assusiag theS che epace charre 
conaicte tually of tons of one kind, @ coadifion that is closely 


* Che meket. syfte.. of units is useé tacocughout, 
## A bar o1ee oc ey yoos desinnates @ vecter. A newton is 
apprexinnteLy Ge 3 Lb foree. 
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catisfied outaide the active region of corona glow, the first 
component of velocity is br, where b is the ionic mobility in 
(ufeecd/(vjm). If Vis the gas velocity (n/sec) relative to, 
the ejcctrodé system, i.e. the velocity of the electric wind, 
tue totel ioaic velocity Ve is 


¥i =v + DE. (3) 


fhe current density j (emp/m’) in the region between the electrodes 
is then given by 


3 2 p¥, © o(Vevi). (é) 
EFlitminating 9 between Fquatious (2) and (6) ve have 
J 2 e( Fo E)(Tenb). : (7) 


Frox Equations (3) and? (4) we cen express the generated 
fressurc as a function of the applied voltage. Equations (7) 
and (4&) give the current in terms of the voltage. We require 
only & relationship inking pressure and velocity end tre 
rervorazace oF the electrostatic blower vill be complet2ly described. 


It is interesting to note that if VeebE vo have 7 = bet, 142 
force per unit volwae p8 is proportional to current deusity,. 


Bicetrokinetic constderations.« Air will move through a 
blower @t the Veloe) ty at Whicn tie aerodynamic back pressure is 
equal io the forwarc. glectrical pressure. ‘The total bark pressure 
is the cun of the individual pressure drops acxoss each of the 
elements of the blover syatem. The follcwing pressure losses 
ere enccuntered (77, 35): 


Ll. Entry loss «z Ro toad 2/2, Py is the gas denclty (hg /m3). 
Ky varies from %0.0% for & properly curved entrance te * 0.9 
for a piain open end (re-eatrant) pipe. 


2. Lose along straight duct = fLe,v*/2D. Lis the pipe 
as end D the dicsreter. The Reynold as awurder Re is equal to 
trey /u where p lg tue viscosity of the gas (dekapoise). Yor 
Rer?, 0900, 1.0. turbulent flow, the condition existing 1a the 
experiaental blowers, the 7 aaa factor # for snooth vipe is 
given closeiy by 0.:15/t_l/ 


3- Losses at expansions and contractions 2 Ke pgv’/2- The lous 
coerficient Ka is a fPuucblon of geonectiry. 


4K. Loss at ehanye in Sieection « Ky A.e* /2- Kg 2c a function 
of geonetry. y 


& Diseharge leas = £4 7, ¥ we fo. K, 2 120 for reeentrani pipe. 


& Sereen les, = x: sAv/?- Tris is applicable when the 
col.iectiag elecucua. ia a’ wu (#3). Ii d ta the diancter of 
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ecreen vire and 6 tit wire seperation, the porosity is given 

by Je (lecf/a}©. At perma? inctdence and g>0.5, KE ie essentisilly 
indepencent of vw except st very low velocities. Empirxicaliy 

hg © 0.47 (9°-0.57). The foregoing relations vary somevhat vith 
type of tuxrovulence. 


Except fer the straight duct and sereen losses, earch of 
the above pressure Crops is proporticnal to the square of the 
velocity. If tsa scr@én is suitabiy chosea, tae ecrean loss 
wilk be so prepoertional also. For 2 blewsr the length of which 
$s not tiuch larger than its diameter tue ssraight duct loss ie 
negligitlie, In a ieuzer blower the loss e.sfficlent may, te a 
Yirst approximation, oe considered consiant. (Over the raage 
of velocity of 0.8 to 3 u/see f varies from beh x 107? to 
f.4 x 10°2 foc a J-cn dianetcr biever duvet in room air.) We 
nay thun write 


Fauations (1) ond (6) yield anotber usegvul relationship 


Gp = (j -p¥)/v. (9) 


The quantiiy OF in the extent to which the crrrent density is 
gnercagea by the cavrier tiudiad moving under the influence 
cf migrating lonp. In liquids /V¥ msy be comparable to G3 la 
gaG°8 it is, for ous vuvrpese, negligible. We have, ther, 


Yp % j/o. (10) 


We chall ecnufing our attention to plane parallel, cone 
centzic epherical ard coaxial cylindrical electrode contiguretions. 
/ plane electrode supporting a corene discharge is, of course, 
rot ceadizabte in practice. A pliane parallel system is, 
revervheless, an sdequate approximetion to certain practical 
gecometricn. Concentric spherical electrodes, in their cinpiest 
cXpsrimental form econyrise a point disgchare? and a segment of a 
Epherice] surface, ch? latter oerving es the collecting electrode. 
Coaxie’. cylinders avs conveniently represented by a adiacharging 
wire ant. a segmcat of a9 coaxial cylindrica: surface, 


it is ssewned het the electrical and sacrodynomic voundary 
gumaltaces are identical. Hexce the aireeslons of the vectors 
%, J ane ¥V are take. to be the same at eny given point in the 
Jatereelectrod? regioi. In order to conto to this restriction, 
cnaly the plane paraiicl blover can se Yuils in a duct of uniform 
€¢70Sa ecetion. Tre syherical eleotrcdes rust be Housed in a 
ecuuical duct asd ia sylindsicel electrode: in a wedge-ehaped 
@uct. %t will 2.© & own, nowever, that marked departuree from 
these ecetditisas ne-u act invalidate the fruactional forms of the 
sSlatiorshkina o¢ctw?: 4 the vartebles. 
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In eachofthe taree coordinate systems mentioned the pressure 
eradieat is given cy 


[Fp | = dp/dr (22) 


where v is the distance from the discharse electrode. Thte. 
for gases, the pressure differential malnteining the electric 
wind is 


“e 
9s 4 ar {12} 
va 


where fy and #,, ere, respectively, the coordinates of the 
discharge and collecting electrodes. 


Assuming constens nobllity, Mquations (8) and (12) combine 


af? 
c 
a l" 
* oe t jaz (13) 
A . 


waere j aj (r, vo. fqa)e In am expanding flue tae loss coefficiens 
K it aa Tnereasang Puncticn of vf... The quantity vy, designates the 
velocity of the gas as it panses through tic collecting clectrode. 
the eurrent density is dcpendeut on the gecmetry of the syatem 

amd is, in addivion, proportional to tue ectrrent. <CGvasegquentiy, 


’ -yif 
Ye #8 (i/p,bK)iv? (24) 


wheve 3g, 46 98 appecpviace Function of the geometry (m™ if2y and 
i ois tye current (auy). The ges veloeity Js thus proportional 
to sho equaxre root of che current. 


Jineys ila geses, the cleetsle-ving volecity is very much iess 
Rou tae fondte velecity relative so tue gas, Equation (7) cimplifiecs 


je BEV 8: (35) 


Feom B19 solution te 0133 egviviun the oc vrvent nay ve expreesed 

as t= Funetien oF the volssce. Gre Onis ‘mR apprepriete form 

for the clectricefacld Gbrenety 2% tue discuacge electreda, this 
cacrcnbevoltase? relectansbiy hes beer showr, 701 certain geometries 


4 vara nee Of 
(93, 21, 26), ta be 
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4» BobdV(V-Ve) (26) 


where go {w°i} io a function of the geometcy, E16 the dielectric 
constant of the gac {farad/m), and Vg ie tke apparent torena- 
starting voltage. Lquation (16) finds experinental confirmation 
cver 6 much wider range oY geoenetries than Per which anslytical 
bolutigne of Equaticn (15) are available, anc may be assumed 
Eeneraliy true for cpaccecharge limited discharges of the kind 
consideved (67). 


i58 wheats f Equation (16) in Fyuetion (14) and setting 
£444) - 83 (me+) tnere results 


Ve ® (2 /p,e)*/*? [vev-v,)] 24? (27) 


We are meialy intercctad in the region VsaV3;- Kxpandisg the 
bracketed term, we ebovasin 


Y= g,(e/p,x)/? (v-v,/2 + eos) . {18} 


éx approxtaate liucer relationship between velocity and voltage. 


{he kiaetic erersy of a masse of aiz HK (hg) omergiog from a 
biover ina tiac inverval t (cec) in Mv"/P. The kinetic power 
eutout Pe (w} 3s thea given by 


dfn. 2). 2 OM. 2 Lb Bee 
Pg * ila Ve )= 2 at Ve = 3 fis ¥e (19) 


waewe A (2”) is the cross-sectional ares of the duct at rer 


Altesmeilvely, we way write, usiag Fauatious {17) and (19) . 


; , 1/2 
25 ins My K?) Tl avev,)| (29) 


yireve ay oe 8574 (1°). 


The Yractivansi 7iPicisucy of electrokinetic conversion 
js defined as 


= Pi /Py (21) 
vaer® P, = Vi is tae clécerieal power inovt (wv). setting 
2 
Ce itt aye {dinessiouless) (22) 


fe. 
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_, 1L/a 1/o 
N= (ay/)(e/9,k3) / [Cvevg)/v] 


The clectrical power input may be divided into two parts, 
Vad, the pover necessary for ion generaticn in the corona dis- 
charge, and (V¥-V,)i, the pover consumed in waintaining an tonic 
current acrose the eiectrode gap (9G). In order that the 
eeheulated c?ficiency may be compared with thst of a blower 
provided with an ion scurce gther than a corona distharge, it 
is convenient to take the suantity (V-Ve i as the power input. 
Accore@ingiy, 


1/e yife 
Mo PNG aloud )e/agk?d  [v/tv-w (a8) 


Te otder to accleve maxiuva output, J+ in necessary to 
operate a blover ¢lo:c to sperkover. The efficiency normally 
astalned in practice iu, therefore, 


1/2 


TE TS yo (sy /9)(E/p,K3) (25) 


The quantitics »,*, and , are known. The loss coefficient 
K nay ve estinated (17,86) one’ the geometsy is selected, but 

for g@veasest accuracy is best determined experimentally. The 
functions g¢ may be calculated subject to ccrtuin sinplifying, and 
perbaps tavajivatinz, aasuaptions. They chould, in all cases, 

be checked oxpurinenially. 


folenlation of v's. vhe g's are fou.sd es follows. Let the 


sibsesipis 9, y, aad tf designate plane paraliei, cylindrical and 
Soheri¢al clecisode systems reepective:.y. We have then 


dy 2 i/fé (26) 
dy = i/r al (27) 
je 2 i/rg? Nn (28) 


wiaere © £3 the plane cagie subtenéed by vhe serment of the ey~- 
diadvical surface forcing the cylird*isal collecting electrode, L 
23 the Leagth of the cylinder, ané t- is ene solid angle aub- 
tondsd 8, the segren: of the spherical surface comprising tie 
asherieal collecting eLectrode. Introducing these expressions 
isto Mguatisn (33), integrating, end comparing vith Squation 
(it), w2 see that 


gs, + (erg/aytl? iss 
é 

i eee ee 
Gi, ={? ania fe stag] 2/7? (30) 


r ; , / 
oe =H hy if apre)} 7? «x. (-/fneg) re. (32) 
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The calculation of Eo is more complicated. Only the final 
results vill be given her? (21): 


Bon > BA/Y (32) 


A particularly simple selution to Equation (15) ie obtexined oy 
ascumiag that the ciesetric-field intensity close to the discharge 
electrede is effectively zero (90). In this case 


&,, = 9A/8r,>", (33) 


which 18 of the sane ou-der of maynitude as the quantity ia 
Fyuation (32). 


The valus of &. Yor evylinders hes been derived in a number 
er different vays. “fhe wore rigorous appteaches yield (66, 93) 


Fil 


tL - 2. é 2 
Boy = 48/7, in(rg/rg). (34) 


fhe assumption of 2ero electric field uear the discherge clectrode 
results in (90) 


rT Le (35) 


roughly the sane ag gqaaticn (34). 


Agein resuming vero cloctric Field at the discharge electrode, 
ee obtain for a apicrical system (90) 


$45 a 3n/ 8x , e { 36) 


Pela, calculating gs, (Squation (22)) from Equations (29) 
énd ( 3° 


Bay 7 23 (37) 
feon Eqveations (29) 224 (33) 
3.6 2 3/23 (38) 


from Earations (30) 224 (34) 


By > OV? in(r,/rg)3 (59) 
trom Betveations (30) a14 (35) 


— = 


Oe ~6 2s Sea 6 ee - one 


his ac lution {5 cectally ef the 2orm : = g,ea(V- v 9? as compared 
to ovr 3 = B,C". Fy bus 6% high voltase V-¥,)2° Re VC V~-¥,)- 
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NE lee are tremens = ee ee 


¥ > 7 1j;2 > 
= |? in3( refer 3] ; (bo) 


os (32 Sear 3)2/2. (44) 


Pressure erfects. Ji da shown uy experiment gad theory 
2 01 ero ere 
taot t2e sobili ty or goo over a wide renge is 


b ® bool fz (42) 


wiere the subserips o ces*cnetes 6t.ndard conditions (66). Re- 
weitiig Squation (25) we neve 


2 fa 
Yo * (84/fgo® vg te 83)? oo (43) 


Fae dielectric constant & is censibly ecustant over a wile range 
of gan daasities (253. The efficiency, sacrefore, lnercases with 
densicy. We shall tind that the efficiscacy is very Jow in 
etinospheric air and, for this revson, it villi bo ov special 
isterest to investigate blover operation at other than atmospneric 
cundisioas. 


The density may be expressed ia terug of the pressure and 
tompoxatare (deg K) 


% * faoPlo/B,%) (4a) 


wuences 
if2 1/2 
T® (61/24 ET o/ opoPoX?) ; .p/T) : . (45) 


Ozone Gercratscn. The glow sucrouniing the cnitting clectrode 
of a corona Giseharm © in air and certain other gases may constitute 
& region of signifjcant caemical activity; (36). In air, ozene 
and, to a lesser ex .int, oxides of nitrogen ere formcd. These 
gaces are toxic to lemans. O-.1 ppm of ozone in air is eommonaly 
acceptec 48 th? aaxinum allowable concentration for pirulouged 
pesio2; of exposure (90). 


Fae rate at waich ozone Le genaratel in the electric disch: re 
is a function of the current eud the ele*trode geometry. Assume 
that for a given gecmetry this rate G (kz/sec) is given by 


G a Ri? (46) 
where R (sgepes® 4 /o5 41%) is & constant of proportionelity. The 
resulting mass concentration of ozone, Sm (mise oF nsene ner oases 
Or uit), as 


Tzepntenl Pape. 1 


Sq © dS fvAy- (47) 


Fac CocoveBoonadlns volune convestre.tion, a {volume of osane per 


4 


votume of airy, is 


c.. 2 as’ fy c&h&A (43) 


wiera @ is the ceuerty of osouse 

she concentration FO.uUles above ars valid Yor geries and 
psscdiel cumbinetten: of Adenti cel blovesa. In soth cages t 
is the votel current drava by wane mubsiadlowcr syaten and A is 
bas towel crose-cec*icueal ares which, la aw ceries crrangement,. 
ig unevenged. SLi navius ghe current 20. ven Equetions (34) 


ad (33), ard Setting 1jag,” ares 85 "35° ae oot Sais 


—s 
£3 
Ne 


a eo BE ey ye by? 
May * By RP, du) 7 ys? 


Por ¢:0.5 it ds cleges that cuy atocwps Go Vi late “ue o2t0ne 
by in: veaging the #is-Slew rote wld. 92 misle. 

Phe rfleariy existing when a»0.5 :8, to voue extent, 
rmedioole. i's see Mon Equation (69) taer i: is taea possible 
So vedeo: tee JAGrG eoLGORsYEvlon at Jonstent volunatele flow 
gabe Uy Woeklay seve cst ivdividse: olovers in parallel, cach 
2 ro-e@d cajgeetty. Upee'flenliy, a revmirved volumetric flov 

» (nl fees }o ear be jy covided by & slagl? »xicwer of capacity va 
ox by #8 iGentical pecmilel] blewers vaca scovins ulr at the 
velecity vf. ae pacolice. ussenbl. aas 4 cumulative eoss- 
SBectis.vabl aves a4. {ace she ozone 224centratiou is the see 
®.% $32 aystes of olowers u3 for any Ladividaai in it we have, for 
tae systea, 


Fooly. 


My # ERC eK)" (v/n) fk: (90) 


S22 O50Re conmetniraticon ha: now bees Alminighed sy a factor of 
ni? a, 
Tre efVicliency in terns of the naabe. cP parallel unite vay 
Ve OGcined from bouatlons (37) and (23), 


o. ie noes. \aye 
\i/2 (51) 
1 | ie aE ) 


Pee)! 
A ager) 


eer ere te 
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ashe re 83 * a7 A" aud U 2 3¥é, tne toici volunetric flov rate. 
76 46 sé€en that vsducing the scone concentration in the manner 
-atseribed will alefo coring cboct s ceeregagse in efficiency. 


flowers $2 66)..96, If tue pasresuse adtveloped by a singie 
Vlower cb b Stall, Oo: the back pefuusre cr wie exteraal load 
serge, 2% 16 of pa:tieule: interest tio luvettigete the edvantage 
of atsek.ng biovers in seriee. et €6¢% Blower in the series 
eeces.iy eeperate G preseare pe Pie whele avsenmtbly tren 
gener2ztes pressure rp. Tis forwasd preasave aret overcome 
“whe intesnel back yrensurs of cach blewer py: 


Py 2 ¥ 2/2 (52) 


Breve 


where £39 the interual loss cocfiicions 3f % tiaple Siower. 
She forvavw pressuce cust al3o accummcacte an eternal ‘sad 
4 O20% Pressure 


t 


“a 
° K, A.V fe (53) 


erere Ky da the lors coefficient or the exteraal lead. fe 
pave when 


“p= 69g - Ty @ nKs ,v,°/? ¢ a Fo (94) 
bee ‘3 
an a 
ae if? ; 
v. + iPadcglks + 4/23] / . (553 


ee tebe. Joee coc. Mtcleat Ky: Kp /u here sorsctpoade to tie 
cockite eat " ip oo untsor (3). Consecucasny, we ous write, 
ly ecRenericoy, with 2 waticn (14), 


- 1°,>d 
: im, sage Me e. am Je ‘is --f Fe 
eas aera 56) 
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EXPERINSHTAL 23GULTS AND DISSUSSIOR 


plower design. Mort of tae exveriuental data to be reported 
wcrvea cbtalaed upiag an @Lévtsostasic blever nt conforming ir 
d¢s:gn to any of tae geometric configurations elreety deserived. 
tue discharge electrode in tais plover (Figure 1) consists of 
a needie point, the tin of which 1s conc2zatvic vith a wire screen 
sesviag asp the collecting 21¢¢tz10de. The electrodes ara hoascd 
in an insulating cylinder. Usaless so stated to the contrary, ail 
wteasurcrents hereafter givan were obtainei with a negative dise 
charge with this olaves in eumoesphertc air. The blower is not 
of vhe concentric sphericsi tyne describel ubove since the seme 
toundary corditions ace not imposed aerodynumically as well as 
electrically. It is, however, simsier to concticuce and does 
@ive aa iden of the sitent to which the sauhematical assumptions 
alceauy mace ean dc vlolat3d without serisusly ivwypsirine the 
validity of the Yorus of tae derived equatione: Other experinertal 
éesigns wilt be deccribed Later. Tne benavior of minleturized 
blowers meesing @essaned eae coaditioas has begun considered 
iy stuestzer (90, 91, 92 


Evfect of fluid Slow on current. [In the foregoing equations 
éependert on Equatioa (7) ft is euerace tit veoe. This is 
equivalent to saylur tueat the cur -reat 


1 ~ fase = [tvs rE GA (57) 


ig ctvortielly independcat of the gas velocity. The truth of 
this assumption is ¢exenined in Figuce 2. Current is given as 

a fumeticn of averare alr velceity. Aloag the eroLen curve air 
rotion 16 produced aviely by t2@ mevshanian of the electric wind. 
fa exteran) fan peovices tae vreasure rewalcled to ‘ach other 
veiocitien. The ca reat a8 constant over a velocity range 
extendirg well beyond the maximum ettained hy the electric wind. 


Tcoets with e12zc.codes of several adirecent gecmetries ani 
8.2068 @ive cesulis sinilar to those of Fizure 2. 


in tneslating iJguids, s@cau3se ihe ‘si mobilliy is ebcur 
10°? as er€nt ne it is for gases 99), * 8 a0 longer negli: gtoL1e 
relative to bF aad iu eas iantion vu’ constaat current aa aot 
teaabie. 


Tae Fluid velocau.y vv svhica mav ‘sflusnee tie current is 
rot necessarily Gat 3.urags? Vheid-facw ve leeity, particularly 
whted @1 brupt eas 2. €4,3b5 tm the sluild pach. Thig fact 
i8 ‘OMIE Ole 2? Ba 2eeiPjde IG Fuice .-. 169d] *06¢reen blower 
is uarupied ver: .cel os "6 @3 & -u Si,tre 2 ani used to pump 
trsageto Fer O2ae CLO adthod Lacteiwe in che*ent acconnenying 
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the meviog 211 26 too muck te atcount far in terme of the 

averages ¢$2 welocity. Tt ia readily ossesved, bovever, that 
¢irculetory oll currents ere set up in tad space dvetvaen the 
Gischarg} @Lecvurvrode :.1¢ the gree susfase of the liauid. Theee 

aih currsgte previce a hisher flow velocity; just ehove the seedie 
tasn a2ec¢ the Welle of the cube. Tre siradatecy velocity can be 
much Bigher than the avereg? velocity ay virtve of which the ofl 
evercflows its container. If, at uh2 seme tine, tae current 
density is grester atong the exis cf tae tive than near its 

WGi23, the current mise increase with the intveasing circulatica 
aAccompanyine 2 rise in avtrage ve.crity. hac tac current density 
éosa vary in this maiurer 'a3, yeare ago, 2upérimentally confirmed 
py Chettock (16) fo: a puint disenssgiag orto a plane ané mcre 
recently by Heiser and Muraze (+4, 45) for & point discharging ontc 
tac coacave surtace of a epuere. 


Circulatory gas currents can bs proluced in a blower by 
parti: ily or conplictcly otstructing ths flew of gas upstrean 
ot the discharge electrode, bus tauis has ac proaounced effect 
an tii2 electric cucroms at electric-wiad velocities. It 
ahonia be pointed ous, huvever, that jadiztiously designed con- 
gtruetions an the floyv patial, vathe: taea teycnd, the discharge 
@lectrode may getve v2 Glininate, ani not irduce, wasteful edd:egs 
fo whe roving fluid (C0, $2). 


Carscns as a fuiction of volvate., Tac ccrone starting 
VO.W28%2 Vg of BuuGeion (LE) nas no 3¢@c182 phyaice) sinnificoauce, 
tut is an indispens: sle pecameters for comsutetions? purposes. 
lon velee is readily sotained Sy netting tiaot, eince 1/V ig © Lilnucar 
function of the voltize, Vg is the VY intercopt. The siope of the 
straignt line 38 goin. he geouetric function fo can, therePore, 
te iuneciately dcteralued. Figura «+ shows that the measured 
cur"ent 18 greater, 216 higatr volseses, tian the curren s-voltage 
equation Indteates. This 16 a comsecuent: of tha aasunpticn of 
constent gmeviltiy saa does act lead to ervor serisus euough to 
invalidate our seuse quent results. 


Velcelty, #yation (14) predicts thes the velocity of 
tue electri: Vind sill be aeupeetioarl tu she equsre root of 
tue eursent. Tute «xveetation is es, posted by the expe-dimeutal 
cack (Figure 5). 2 velucitirs cenorted in sik ecuses ure 
€vesage valucs ootalvued by traversing the diawescer of tie 
tlover wuet wha a Pitot awbe cr Uuotewice ancuometer. Cuality 
wars dont ia bls Bor Boreas arrects these devices ditfereatiy 
Lod the sesult tar.. ‘denuless sveorage velucitizs nay arcduce 
P7isL TY Var aa «rloci.y vresdiiss cn th: two instruagits. In 
doe te reduce gue: ilsesepvneies as au} as possible the Pi.ot 
tee? ane anememcter mre ealibratedasaicst an orifice fLicimetsr 
enieL cee used as 1 3tsadard. 


wom . c 


cnr terre Av? id o9t3 ued "sor tie “ops of the Line of 
Pigice :- This, 2 - 19imat.on wits the valv = of ge aad 
Vq 2-00 eunly cetaciccne?, aw emsvhee 6 sc 7Glealate any of 
toe cuarriktics current, volta.e, velocity, jewer and effieiencv 
in ter. of the Ofuers, a srineiple aid » & and Vg can 
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be dotersrined Por a civen Slower ainply ¥y measuring the current 
and Yelceity cocrespouding to a single @ibitrary voejtage, 
VyV¥gg Oct too clos. to spuckover. 


Ai? velocity as 4 functios of voltage is shavn im #igure a. 
The gaté line sepreseats Equetion (17) using the velue 
gy/Kn4" already imowa fron experiment. It 16 seen that tae 
curve if elmosi liacar, costly foilovire Launation (16). 


Por completely formed stesle jones in an gleetrite field 
the intenaity of whiel is act too high, tne Joa movility ie 
& content indeyendest of the Field and of the coordinate zx. 
S@ have eseuned this t29 be the case ia Eyuatioa (13). Properly, 
4% io aot Field ss:ecugth ulors, but the field strength/ampi cat 
eregesure ratio that Zacnissxes the recuired eriterion. Tre 
crdvical value of tats quantity for air et room terperature 
ie about 1.6 x 10° (v/a)/atm ( 66 ). 


BIriciency. In wsoet yractleal applicavicne tre efficiency 
cf clectrokinetvic ccavers.on i3 of prinery concern. For a 
1@% gpoouetry Fyuats 2a (25) geveals that tne efficiency is 
Leoposticnol to €*/' fom in 2 negative Gischarge in 
esmoapntirte air this qugasity ie eaquel te O.0ik, but for 
ee is much lucger. ‘has, Sor kerosene, b & 3xlo~T 
(afsec}/(v/m) (90), @ = 750 kz/m3 (4, in this ease, i3 the 
liguid ¢ensity) and’ Ge 1.Sx19~it Partd/r, whence € 1/2/46 2m0.5. 
in gencrai, th? ervrictenery of s Liquid ruty will exceed Rat of 
the coxvresponéings cas pump by one or twe o:ders of maguitude. 
Yu view cf thia, tow 49a blower efricieucies should be 
sniicipetwec. Valuce of the order of one perecnt have been 
revertec fe2 @ unser sf electrode arrangenents (27, 41, 92). 


watielencics caLeulaced ca a purely theoreticel basis are 
' dnvercst ses conparative purposes. The Zollowiug taole 
isn obtained from Yasstions (95), (37), end (38) for parallei- 
Flate blowers ia weo: gir. The Loess cocff:.clent will vary 
vita duct ceslg3, bur in no case wili be legs toas Keksel. 
fooitive and nezective ion mooilities are 1.4207" and -ox10-4 
(m/seep/(vf/m) cesu ccively. 
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Biowers of this typ@, it seens, are inherently Limited 
te @ffictencies of the order of one pércent. Cylindrical 
geometry does not meterialiy affect this disappointiagiy iov 
value. Although q@,, calculated from Equations (39) or (to) 
can v¢@ en order of uagnituds greater than g,_ (takings 
re/rg v 10? or 103), the greater loss coetfibient of the wedge- 
shaped duct compensates fcr this in terme of efficieucy. 
Sinilar considerations apuly for a spherical syste. 


Figure (7) gives the expecimental date and theoreticai 
curve (Equatious (21) and (93)) matching output and input powers 
in the needleescrecn biower under consideration. The changinc 
elope indicated by Eyuaticn (23) is not evident in the curve. 
Althoush efficiency is sensitive to voltage changes at low 
voltage, low voltege yields very low power, with the result 
that the expected Sip in the curve ocaurs too close to the 
origin to be noticed. Plotting e?fictency as a function of 
voltege in Figure & the sought-after effect becomes apparent. 
The curve ig that of Equation (93). The sharp deviation from 
theory in the neighborhood of 20 kv is easily explained. Since 
efficiency is proportional to v? reletively smell instrumental 
errors in measuring velocity are grossly magnified in efficiency 
coliculations. Note the experimental velocity readings between 
15 and 25 kv in Pagures § and 64. 


Pressure and density effects. It wes shown above that 
since the product pgd Ts independent of tne pressure, the gas 
velocity as givey by 


Ve 2 6, (1/qbK)4/? (1b) 


tust also be independent of the prensure. In order to confirn 
thie oghavior the velocity output of a needleescreen blower 

vas measured in air at room temperatures, over a range of anbient 
yressures from ea fraction of an atmosphere to 8 atm. The current 
was held constant oat several pressure levels by adjusting the 
voltage as the pressure veried. he results are reproduced in 
eae, GS. For air,<,> 19 204x107" coulesec/m. Figure 5 gives 
@,/Kt/2 2 2.79 m1/2? Using these values Equetion (14) yields 
ve = 19041/2, 4 relation closely followed by the data. 


As the preasasure is reised the ion moovility decreases 
causing the current at a given voltage to fall. In order to 
maintain a constant current the ayplied voltage must be 
raised with the prescure. Although the syarkover voltage 
inercascs with the »veggure it does not rise fest exough to 
permit a constaat cucrent to be maiatgined withous exceecdiag 
sparkover. Consequcatly, the lines of constant velocity are 
bounded a@t high pressures age shown. With decreasing pressure 
the eparkever voltage drops wore repidly than does the applied 
volcage requircd to sustain the constesat current. Liacse of 
constast velocity arc, therefore, bounded by sparkover on the 
low pressure gids 3:39. Fae deseribed effect is illustrated 
aa Pigure lo. 
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Rquetion (43) reveals trat esfictency imeteeses with 
gas density. It ie importent to sot#, in tats conmaection, 
toat mere pressurizetica, without cceard to temperature, my 
aot be sufficiergt to raise tae efficieney. It is aot the 
pressure per se but the density which is the governing factor. 
We observe from Equation (45) that operating at atmospheric 
pressure and reduced temperature inereases efricieacy. 


The product gs has eu approximately constant valiue for 
& given gas, i.e. it is independent of density, ambient pressure 
and tenuperature. It follows et onee from Squatioa (14) that 
the velocity of the electric wiad is likewise independer:t of 
these three quantities. Changes in efficieney brought evcout 
by manipulating pressure or temperature result from altering 
the density and with it tre maze of gas moved per upit time. 


As the temperature varies the accuracy of Equation (4h) 
must not, in all cases, be insisted upon. Thus, the mobility 
rises iinearly with temperature at constant pressure but at 
bast is only avproxinately constent as tare temperature changes 
at conptant preesure (66). 


Equation (42) has eveen roughly verified for most gesegs at 
room temperature at pressures extending from about 75 to about 
0.2 atm. Above this range the mobiltty of negative tons 
decreases and Lvelow it incr@ases rapidly. It app@ars that at 
high pressures many ions consist of several molecules Bound 
togetuer, the ccmbination having & correspoadlaugly aigher mass 
and, therefore, lower mobility. At low pressures tae negative 
(68) moet Likely exist largely as highly mobile free electrons 


According to Equation (14) the velosity is inversely 
propoctional to (Ago) 4/2, Figure 11 illustrates the extent to 
which thie quantity varies among «& number of gases. Ammonia 
and very pure argon are separated by three orders of magnitude. 
The reduction in mob: lity caused by impurities is probably to 
be exodlesned by the impurities becoming attached to ions and 
Forming large slower moving moLecular clusters. Inert gases 
Like nelium and argon, if extrersiy pure, yass a current of 
high-velocity electrome. Oxygen and other electronegative 
@ases, even when pure, show a strong atfinity for electron 
atlacnmeat end, as a result, nave muca lower mobilities than 
+22 pace imert gases (19). 


Dn order to ach.eve maximus vutpuc power an electrostatic 
blovec muse be oneraves at maxinunm dapat pewer, i.e. at 
yoliages just velow sperkover. Operatior during sparkover 
results “in lovered gus velocity. This is likely due to the 
fect that sparking uot only grocusces motile free electrona, 
but alse centines the curremt .9 e@ vers 5saeil rezgioa of the 
total volume ociween tye electrodes. 
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Increasing the density of @ gee vill, axzcepi at aufficiently 
tow densities, raise the sparkover voliazge. Operating close 
to sparkover we have V_.97Vs, Waere the suvsccipt sp designates 
tae maximam pre-sparkover voltegé. Equations (17) and (20) 
then yield the convenient approximations YosptVep and 


Supecimentsl velocity, power and voltage data just belov 
Soarkover are shown es fugctions of gas density im Figure 12. 
Vac smooth curves of velccity aad powe> cepresent Equations (17) 
and (23) respectively. Eygt ciency at uparkever is, by Equetion 
{25), proportional to Aq} - gnle relatioashio is borne out 
by Figure i3. 


The quantities ¢) tarougn gg are, by definitioa, functions 
of geometry only. Accordingly, they must remain fixed for a 
givea olcectrodc arrangement regardless of clectrical conditions 
oc the nature or the gas. In coneidering the affects of 
presaure we have mace certain assumptions concerning the 
variatiroa of mobility with density. A% low enough densities, 
however, for reasons already giver, these sssumptions fail. 
We chail now determine at what point and to what extent this 
o2curea. : 


The functicns g sre @li cefined in terms of @), as, and 
A. I% wili, therefore, suffice to examiae gy, and gs alone. 

We do this by  :laecing no limite cn the validity of Equation 
(42) and then observing the apparent chaages in g, and Ep 

as the @deasity varies. The experimental results calculated 
from Equacions (14) and (16) for & needle-serveen blower in 

aixv appear in Figure 14. The quotient e1/x 2? rather then 

Bi uigne is given since the former is nare reedily measured. 
gi /K+ “and go are both constant at eee down to about 
atwuospheric. Selow this level ¢ /x* falle to zero and go 
iacreases rapidly. These variaticnsa reevlt from the 
agnumpsioa that b rerieino proportional to 1/A, at low yp. In 
reality, 9 rises faster in this region thaa ddes 1//p, and 
this dispcoportionece. iacrease i6, by @qiatioa (14), reflected 
as a decresce in gy/i'/©. Similarly, by Equation (16), a, 
muct rise. ; 


é 


some blow2: variables are nore gensliive to apperernt 
yicvtiacionus in the g's than ure atkers. Thus, the expected dips 
in the coustant-cursent curves of Figuse 9 are ciearly in 
evidence. On the over hand, tae experineotal powers, 
voltazes ane velocities cf Figure 12 seen tc follow the 
Zieoratical valves uels even at low gar iensisieg. 


he itnecorstancy o: the git below a certain lensity doeg 
ust aflect the usesulness of the genereul theocy selow that 
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dengity. At low densities Equation (42} end the relations 
containing it should be disregarded and eppropriate velues of 
mobility be introduccd into the theory directiy tad act es 
functions of censity. 


Ozone generation. Equationa (47), (48), and (49) essume 
that he rate of agon@ generation for a giver geometry is 
propertionel to a power of the current. Experimental aupport 
for this hypothesie is offered in Figure 15. Qzone con- 
centration was @aetermined by the potassium-iodide method of 


Bratt (12). 


¥lactrostatie precipitators designed to filter air for 
human consumption sommcorgly employ « positive aischarge since 
reason exiats for belicving thet such pojarity will yield a 
lower ozone output (36, 106). Similar considerations evidently 
dc not soply to the needile-screen blower. Contrary to 
expectstion, ve observe from the curves that positive corona 
generates ozone at geverel times the rate of negative corona. 
The negative curve for a single blower is fitted by the following 
form of Equation (46): 


G 20.1 1°, (49) 


Day-to-day variations in the data ere, perhaps, attributable 
to fluctuations in atmospheric conditions (97). 


A blower op¢rating with negative corona near sparkover 
generates about 0.8 ppm by volume of ozone in air, a quentity 
in excess of the weuel acceptavie limit. This ozone cone 
centretion may be reduced at constant voiumetric flow rate 
by adopting the arrangement of parallel blowers described 
a rove. Experimental and enlculated data for such a@ ease are 
s1i0wn in Pigure 16. Ozone concentration measurements were 
actuall>y made with a siagle blower over a range of currents; 
for this reason experimental points corresponding to fractional 
blowers agpéar. In Figure 16 the assunei parallel system is 
sy ie to have a constant volumetrie flow rete of 1.54 x 10°? 
m3/sec, the maxigum delivered by a single blower. The drop 
42. Ozone coneentraticn as blowers are added in perallel is 
Siclking. Two blowers produce 13 pereens of the eoncentration 
o? a aingle blower ard five blowers only 0.8 vercent of that 
gieunt. The efficiency loss eceompanying a large decrease in 
ozone concentration is gmail. 


Polarity. We cen gegeraliy expect nerformance to ba 
ad:peudert og tne choiee of polarity of the discharge whea the 
ianie nobility eppeais in tae governing cquetions. In 
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atmospneric air the montility oF stable negative ivne ie 

2.9 x 107! imfsee) /ivjyu) and that of stable poeitiva lous 

is: x 107%, Tasevting these values into Equatiose (23) and 

{22) we fiud that ve * 7% 1.3 ve" at constant current and that 

yt % 2.eye, The fcrce o3 at ion in an electric field depends, 
of eouree, only on 14s charge and on the intensity of the field. 
A giowly moving ion exerts ite drag force on the gas chrough 
which it ig migvatinve over a longer period of time than an ion 
of high mobility. iernes, at a given current, tu? momentua 
(frat) transferred to the gas by slow tons v7ili be relatively 
greater. In consejucace Vgtavg” and Q*>"T as above. dzone con- 
centration Cy at coustant velocity ig by Equation (49), 
proportionel to Rd“. In the needle-screen blower e reversal 

of polarity wll canse R and b to change in opposite directicns. 
Variation, if any, cf the expoment a in Figure 15 is not clear. 
Severthelegs, if minimum Cy, is desi:ed at & given output, positive 
corona remains preferable. 


According to Euuation (17) velocity is independent of 
polarity for a given valtege if tae omall effect of the corona 
starting voltage is ueglected. This is shown experimentally 
in Figure (17). Sparkover during negative operation occurs 
et about 1.8 times the positive sperkover voltage. Since the 
kinetic power delivered at sparkover is approximately proportional 
to the cube of the soarkover voltage (Equation (54)) a single 
regative blover can »roduce the power output of 51x positive 
yaite. 


The streamer theory of sparking has been proposed in order 
to explein the aigner negative sparkover voltage (66). According 
to this, sparkover is initiated at the positive eleetrode. If 
this electrode isc aiso a region of high electric intensity, i.e. 
jf it de a discharse electrode, syarkover is then doubly 
Saciiiteted. Sperkover in a negative discharge is retarded 
because the spark streamer must originate at the positive low- 
field electrode. 


Blowers iw serizs. Mquation (56) predicts tho velocity 


to de expected fron 8 Ber.es arvangement of blowers vorking 
egainat a loud. Fa: simplicity, we shall continue to assume 
thet the loses coefS.ceiernts are indevendeat of velocity. Screen 
coertiticients arc, hoyvever, knowa to inmerease at low enovgh 
velocities (48). As neoraal operating voltages such low 
velocities resuit Seo° levge external lcaas. In that case 

fa ip likeiy to ». so much lsasger thar Ky that departures 
from the "constsnt" value of tne latter dc not materially 
effect the velocity calculated from Eauation (56). 


Figure 16 snour the velocity ourtpur o2 Live blovers ig 
Berries ac &@ funetios of the evterue: locd per blower. Sigee 
the cicwer assenbli 1.0 designed with «& low-Losa inlet aud a 
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re-entr6at outiet the minimua posaible value of K; is uaity. 

The characteristic ge, of tach of the five neecle-screen blowers 

emsloyed in vwme series teut is, for an undetermined reason, 
elzniticautly lower than in “he preceding cases. Because of 
this, thé output of the asseubly does uct exceed that previously 
bbaimed for aa individvai unit. 


Tne increase in velacity per additionel series blower 
is eae Setting Kpxl we note from Pigure 18 that a five- 
blover cesenbly delivers 3.5 m/sec of ety as against 3.90 m/sec 
for @ et gede blower 


Velecity profiies. Tn measuring ges velocities it must 
tot be ageumec thet because of the turbvlence created by the 
corena wiasd ac approximately Plast velocity profile exists across 
the diameter cf the blower. Serious errors are introduced if 
ceater-line velocities meesureé close tc the discharge point 
are considered representative of the turbulent cross section. 


Velocity profiles for the needle-screen blower are shown 
in Figure 19. A relatively high-speed gas movenent is generated 
elong the axis af the dlacharge electrode. Hence, the 
resulting velcecity profile is especially steep close to the 
point. Further away the profile asaumes the Slat shape typical 
ef turbulent flow. As the voltage is reduced all profiles, 
regardless or distance from the dischurge, tend to eassuue the 
same relatively flst form, 


fhe velocity profile is noticeably dependent on the 
electrode geometry, 1.e@. the electrodes exhibit a focussing 
property. Thus, if a ring @ione is usec ae the collecting 
electrode in Figure 1, transver of momentum in the axial 


Cirection ia reduced and che profile flattens. 


Yelser (44) reports that the profile for a necdle-plane 
acreen system has the fori of & normal cistribution. 


Qther electrou. | gsometrics., The esverimentai resuits 
Ceseribed above nave elmost alt been cbtained using the 
needle-~curved screen biower shown in Figure 1. Many of the 
exnerinents neve, novever, been repeates for electrode con-~ 
figurations «ef othe: sices and desigac, viz: wires and slane 
eereens, wires aad rods, pui:ts aad place screens, points and 
vings. FxRvrerpt Por wie aatvicinaeted varietions in che conzctants 
i and € the result: are sinilur to thoec already given, 
Lereement of the tierosry wath the experizenteal data of otaer 
jJnvestigetors eaplovyins various electroce arvangemente is, in 
£enerai, gooi. For exuzale, Sarney (41! in en expcrimeat 
eamnilas te Gnat of Fifuce 2, Tiras corora curvent e gsamevhet 
were neomsitirve vYaunctiva of ater velocity, tut ctili as 
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eufficiently so to os of consequence at glectrice wind velocities. 
Linear velocity-curraatt/? curves (Pigure $5) are also rsvorted 
elsewhere. Ladenbatg and Tietze (57), ia examining the role 
cr the @hectric wird in the electrical precipitation pracess, 
rote such & valocity current depeagence for point-plane and 
concentric cylindrical electrodes. The form of Equation (17} 
is supported ty the reesulte of Heiser (44) for 3 point dis~ 
charging into tae interior of a sphere but, oddly, not for a 
zyoint discharging against a plane. Several cf the Porezoing 
relationships are corroborated by the cxperiments of Stuetzer 
with Liquids in a plane parallel system (9G, 92). Addditional 
supporting data ig ?ound in references 1, 16, 45, 65, aad 76. 
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CONCLUSIONS AND RECOMMENDATIONS 


ogee 


An appreximate thecry kas been deveioped réeiating the 
electricel and wechsasical parameters of an electric-wini 
tlower, Although daerived for specific boundary conditions, 
tha forms of the equations ave found to he videly applicat«e 
end should be useful in predicting the performance of 
electrostatic blowe*+s ox a number of diversa geometries, 
provided only that wwo geometric constants are determined 
exoerinentally. 


Complete lack of moving parts gives the slectrostatie 
tlover edveanteges over conventional fans: vivrationless, 
elmost silent operation; absence of gyrcsecopic and other 
rotational effecte; uo lubrication reguirements; minimal 
replacement due to vear (discharge electrodes}. The chief 
BJiseadvaxtages of the blower are the very low efficieucy of 
energy conversion and, in certain cases, the generation of 
extrancous gases in the corona discharge, €.g., ozone in air. 
The theery, as deveioped, offers no hope for e radical oreak- 
thecugh in overcoming either obstacle. Nevertheless, limited 
success can be sxpected by enreful geometric design, e¢.z., 
improving efficiency by controlling the g's and K*e or 
reducing ozone sy pursllel operatioa. 


Several areas of interest suggest themselves for Pfature 
investigations; coutamination of the ges with dust or oigh- 
wolecular-weight (1.2. lowemobility) ions, pulse or sec 
energizetion, furtaer soudy of the g'f as functions of zeometry, 
combination of the biower with an electrical precipitator. 

Brief? locks have been teken at @ach of the foregoing; adequate 
data is not avatlaviec to UVarvant conclusions «ot this tine. 
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NOMENCLATURE 


A = G¥oSS-9etticual. arta, x? 
b = iow movliity, (nj sec} /(v/10} 
¢ =z rmé velocity o7 moiecuier, u/aec 
Cy= M@s6 conceusrativn of ozone, dixensionless 
Cox volume concentration of aa kg /n 
d a Qlameter of sereun Wirc, mu 
2 aelectric field stceugth, +/m 
f 2 frletion fector of duct, Garner pees 
8 1+ fuaction of geenctry, a = 2 
6,7 fuaction of geonetry, 2° 
g@.« function of geometry, met 
Si,2 fuaction of geonetry, dimensionless 
Gaz furction of geouetry, 3° 
a%s fuaction of geometry, mn? 
&7* function of geometry, ut 
i's current, amp 
j = current density, anp/m? 
k «= function of gas. coul/n 
K 2 total eerodynan:c lose coerficient, dimensionless 
Kya---€6 = aevodynoute loes coefficient, dimensionless 
; xz interne} loss coefficient of a single blower, dimensionless 
= length of cylindrical electrodes, 2 
‘ «meso, kg 
n wmunber of bplowets in series o> parallel, dimenecionless 
p = pressure, newton/n 
D2 internal vsck pressure of a single blower, newton/m 
p52 Standaré reference pressure, newten/s 
Pes @lectrical powex input, w 
P,2 kinetic power cutput, ¥V 
Pocpe wsximum ore-sparkovexr kinetic a oveput, w 
r= distaace from origin of coordincte n 
ee Boor Ones of ipods electrode. - 


= rate af ozone generation, “ke/ feoul 

= Reynolds number, dimensicnliess 

a peraration of screen wires, m 

= tie, see 

'Y =» temperstuce, dei, K 

T,0 stcndard revere::e tempersturc, deg ¢ 

Uo « total wolumetric Slow vate of parali3l ascesbly, m/sec 
=o wiad veloeity, m/see 


J. Viid velocity at coliecting @lectroade, wfaee 

Vouy= 3962 EUB De@en OLOwEL Wind velceity a: caitecting clectrode, m/ftec 
vga 102 velocity, 1; 3ee 

You woltage, ¥ 


Jon Qnonvent eotune stastséag vaitcge, ¥ 
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Vs: 


2O 


i=] 


= maximum pre-sparkovyer voltage, v 


3 absolute dielectric corstant, fared/m 


fractional effigiency of electrokinztic couversion, dimensionless 
asynptotic fracwioual efficiency ef electrokinetic conversion, 
dimensionless (8q. (4#5)) 

plane angle subteaded by segment of cylinder forming collecting 
electrode, radians 

charge deneity, coul/ms 

gas density, kg/nd . 
« gas density at steadgard conditions, sg fn 

ozone density, x3/'m- 

electric potential, ¥ 

solid angle subtended by segment of spuericel surface forming 
coliecting electrode, radians 
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HIGLGRY OF “HE ELECTRIC NiNE 


Earliest observations. Aithough .b? existence of an 
ciceteostatic force of attraction hed sasn known to classical 
Arsiguity it camained For Hiecle Cabeo, an Italien Jesuit and 
Goi temporary of Gali lec, to observe and reeora in 1629 the 
pimnomcacn of tleet-ontatie ropulsion °13). Cabeo aoted that 
vatn light Pllings cc savdust were atsracted to an e¢lectrified 
boty, shey would toreh it and then be repelled. He expleined 
taib ochavior an the susposition that « charged body produces 
2a electrical 2f7luviun whieh drives off the surrounding air 
aac forms & circulatory wind waich, oa its return, dlows 
eqtrained particles {co thae body with such force that the 
yarvticles, in some vases, rebvound. An electric wind was thus 
coneecived la fiction before 1% vas a@lscsovered in physical reality. 
A sew decades later, Cubeo's hypothesis: wag conclusively disproved 
by the Trieh matures piiticsopher Rober; Doyle who demonstrated 
tut electrostatic astraction was present in a vacuum as well 
Ha aie (15). 


The @iseovery cs’ whe eleetric wind could not have antedatod 

tac developmeat of sic hign-voltage generating machine. A 
fcietionalL naghine constating of a sulvur aphere mounted on a 
cranksnatt was descesibed in lo7T2 by Gtto von Guericze better 
hacvn for hig inventiou of the vacuua dump and the Magdcburg 
honispheres (39). “he sulfur sphere wag cherged by rubbing the 
bund epainet it whils *'t was rotated 11 a wooden frame. Using 
tais apparatus, von uufricks made tue importart discovery of 

th: effeetiveaess o” pointed conducters in attructing charged 
bocles. He moted Sustier thet the ruboed globe gicwed in the 
Gack aad tnat when =. was brought to tie ear, "roarings and 
crashings" were heasd in it. This is the earliest recoded 
observation of the -.vona ditecherge; ws fing no mention, however, 
of &n associated clecrtrie srlna. 

Vou Guertcke's Pzictionsl machine an? eubsequeat improvements 

it acevleraved te? “dvence of electsical selence. In 1709, 
spela deukebou, carator of :actrugents fos the agoyal Society 
Londen, reposten sist re had experianced a weak blowing 
Satlog Vy wOisia; 2 ehorced tabe close to his face ('+3). 
skebr2e's amaouucertat ol his diceovecy throva intesesting 

sth tm the State of clectrica: knowlsdge and experimental 
agioue at Ghe clue. “Miwing procur2:d & Tule eee OF cee 
aeSE ore,” NSE vEote, "L rapo'a it pretty vigorously ... until 
PEG B6qgmlsed som: Tegres of tat ee. Jadu the Tube became 
stest oy the aciouzcst Abtrition, th2 rorce of the folectricas 
P°tuvie wes pegdes' 1 uaal sans ta woe [ene] Sense wee Of 

.avdadge They eee 9: ? Plainly to se 1eit upon the Pace ... if 
the rucbia Tass wes: ela 3@a: it. sani tae, ceemed to nake very 
vearly such so tt ao: otcoars apon the Ssin as a2 uumber of fine 


atc 


@rpwmo so 


wm Ole we a 


ws @ €F 


ba 
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limber dalra pushing against it ... This vivyorous Action of the 
Estluvie put me upor en attempy, to fird ig vist manker such a 
motion was propogatec, and it Wiat «.. Bort Of track 1% went 
alcyg-. For whith eac |] geld the ruso'c. Tube gear thre Flawe of 
a Candie, Smwoke, Stear, Dust and the sirrvacesy of Liquids; but 
without uny manwer cf cuece6s. 


“TRe reason for welch, I atirfoyte tc the impediments the 
EiSluvia met with from thece @odies the fuse was piac'd near. 
Fo: the suali parte cf Qusis and Pewde.s, the steams of Liquids, 
tic Gleagineug fumes of Flame, and the ike sart of parte in 
Backe 1% sell immedictily adner’d to tie cu:rface of the Tube, 
aad 30 kept in the iffluvie: which therefore requis'd the 
ejilstance of a fresh Attrition te cpen their pessaye and give 
tien vent again.” 


Iu the course of uals investigation of the electric wind, 
Havksovee had stumbicec upon electrostat..<« precipitation, much 
tic game as Becceric, vhe is generally credited with the 
dincovery, was to do some sixty years ..aver. 


Shortiy after ‘evuksbee, fsaac Newso1 cepeated the experiment 
{75}. "Phe electric Vapour", ne wrote "... excited by the 
friction of the ... Sphere] against the Jana will... be put 
ia%o such an agitation as wo emit Ligh, .-.. and in pushing 
oa: of tae oe. [Sphere] wild sometimes piuh against the Finger 
6) 8s to be felt." it may heve been Ruuxsbee's work thet 
G2...2ea Newton's attcntion to the electclc wind. The account 
qictsd aopesars in the :ecoud edition of 2:8 "Opticks" but is 
tacking in the firs=, ead 2m the Interval dsuksbee's reccarches 
hae bean ouoLished. 


In L740, the diat'inguished French pnilcsopher, Jean Antoine 
Noclet revealed his Clndiugs taat eleesrivled points displayed 
“orusmes of Light’ (7h). ‘She following year, Benjemin Franklin 
racartea in a jsette: to his friend, Peser Collinson of the 
80/81 Soelety, “whe vouder2ul effect o? poizted bodies, both 
ia dreyving off and incowing off the electrical five (88)." 
Tollet'c and Frenkicn'e observations were isrg@aly a rediscovery 
Qv a premomenon Barlior novleed by von Guericke and long since 
Forgetcen. Ta view of both these Investigators! suvsequent 
woul with poiited caaductic ts, it is sucprising that tieir 
weotanazs are silegt ur tue eleetric viad (20, 99). At east 
svubkKlin, swow2ver, +26 damilier witau fs. bvenezer <innersiey, 
sroveslorv ef Englie. a: the College cof Pcansylvaniea aad a clase 
associate of Frankiin nad ocorerved ia 275? that “you may fect 
ch: fice ... fo Poetic} aietaccges blow om your dand as 4a cook 


WO ,(COPB 282. f Liaise they’ cpmountecasnt, se ajamia Waiison, 
Bere iss SO bie Ke ek GSOCL@bY, aceoraced “Lane Blaei recemuiing 
siad shieh| @eom: 9 ardice feom the particles af air being put 
inso ® vyilolens Canii rruica bs tne cssriag of the eleetsicald 
mater .¢. at poami. “ges, cr angular -*ruinations." Through 
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failure to obtain the clegtric vind ig an exhausted vessel, 
Vilgeon yroved that the winc ia indeed that its aame supposes 
1s t9 be, Bot & morerect Gve to "Slect:ical matter” per se 
(2G8). 


Adequate commuiication between th: selentists of the 
p2riod does now seen tc Bnve existed Qcesgite tae no. in- 
carsidergale persoxy¢.. correspondence 81d oublication of journals 
aid monogvapns that is known to have oceurred. Tt is @musing 
t3 reed, time apd @c542, of the presumnoly independent 
"Jigsrovaries" of the electria wind repo ‘tea 1s the “Transactions 
of tae Royal Seci@t;", the “Annalen de: Pirysik"” and suncry other 
pablicettons, semetines within only a “ev years of wach other. 


The clectric Piy. The poesibisit;, wf employing the electric 
wind a8 tae driving echaaisn of an @leetrostatic motor occurred 
to & awaber of iavestizators over the -ears. In 2750 Wilson 
gicceaded in producing rapid rotary mosion of a pinwheel by 
disrectiaag ayalast jt tae electric wind from a point clecnarge 
(iG6&). et Long aftervards, Hemiiton, Prafessor of Philosophy 
at th? University ci Dublin, reasoning that iy @ fixed potnunt 
eould move aire firecly sucpended poins should itseir move in 
(colat.vely) atg1l ear, modified Wilson'tz apperatus to « single- 
steuge device (109), This, in ite ginp.est form, consisted of 
a1 s-shaped wire suspended horizonteall, a% its center point on 
a vertical conducting chat. The ends of the “s" were sharpened 
t%> points from whict the discharge took place woen high voltage 
war Applied te the riart. The "s" wou..d taca spin about ite 
axis. The “electri: fiy,"” as it was exlled in England (Ffreach: 
"sourniquet @lectric:e," German: “eleutrischer Flugrad') quickly 
bevane a favorite expor:inental device among students of 
electricity. Oiver e explanetions of she Piy's behavior vere 
Poctheoming on @1l cides. 


Snmilton tonsidcred that “the elestric particles, by their 
elastic foree, Issue directly forwards from the poiats, end 
eaceavor to expund -heagelves, dDut mee@sing with some resistance 
frou tiie air, Poree the wise to move bueiwards in a contrary 
@lvection +- much in the same manner that a Catherine wheel is 
mice to turn rouna in a divection contctary to that ta which the 
Bivell rockets abceched to vhe pevipher? jischarge toemselives.” 
Nev ten'c Thiel Law Led been published ove* eighty years earlier, 
was it wee stil» cto.urigered necessary 30 2ali back on @ir 
pesistunee ia orde: vo expiain the act:o1i of a rocket, 


Using 3 acgats.e v-ather then Hamliton's positive d.schaerge, 
Kirmetcley repeated vic experiment in i751 (52). He expected 
t.> fly tc turp ia *ac opposite direct:o. ap it showid have on 
aibbtern's a danae ted “hg wee Extrem?hs disappointed, for 1t 
t-licvrent th? same wn, ae verore.* K-eneersie; attéenpted to 
arcpnt fer t1is aw anc So.dew.ug curas.ue nenser: "Upen the 


echnical Paper TPO0-2 Page 30. 


- 
* 


stand [supporting] tne fly was electri’ied positively, i 
suppose that the natural quantity of eleetricity im the air 
being increased on «ne sice by what tasued from the points, 

the needle was attszcted by the lesser quantity on the other 
sicte. When electrivtied n¢gatively, I suppose that the natural 
quantity of electricity ir the gir was diminished near she 
points; in consequense whereof the ¢quiliorium being destroyed, 
the reedie was attracted ty the greater quantity om the other 
side." 


Joseph Priestly, the earliest aistcrian of electrical 
sciences and celebrated discoverer of oxyzen, in commenting on 
these experiments in 1767, remarked that the fly turning the 
sane way, regardies; of pelarity, might be talen as a proof 
"tiuat the electric fluié& issues out at the points in both 
easec alike, and vy she reaction of the air is together with 
the points driven bechkwaras « contrary to what ought to have 
been the case if the electric fluid hai really issued out of 
the points in the onc case and entered in the other (80)." 


ln 1771, the ITtuiian eclectriclan-astronomer, Glambatista 
Becearia, observed, “(ne celebrated auestion of why points 
dvive the air forward, whatever the direction of the fluid, is 
reduced to the generel fact that the electricity forces in 
opposite directions the résistance through vhica it passes." 
Secearia associated a certain expansive force with electricity; 
to: point waa therezorc Qriven back by the electricity <shought 
to be expanding intc the cir (5). 


He owe the corrects explanation or the eteetrie wind to the 
An j;lo-Ttealian natura! philosopher, Tibcrius Cavallo who vrote 
in 1777 that the motioa of the fly depended “upon the repulsion 
existiag between boiies posseased of tae same electricivy; for 
vaother the fly is cleectrified positivaly or negatively. the 
alr opvosite to the vointe of the vires (on account of the 
po nts casily transinitilag electricity) acquireth a strong 
eLoetricity analogous to that of the points; and therefore the 
nis and the points wists repgell each other." This reasoning, he 
adis, ‘is confirmes o7 obee@rving that the above fly not only 
Joss not move in vacuo, bt.t even if placed under a close receiver 
iu will turn for @ -lcetle walle and then stop; 2or the quantity 
ce? etr coataiaed ln the veceives may become readily and equally 
wwooteiPiecd (25)." 


Toads view Was -0o2, hovever, univeraclly aeceptadle. 
foitph Weoer reasse: tcd BEcearie's argument in 1791: "... The 
gleetrical matter “.a"ciing out of the pointe Of the croge 


Ear the Ply -opirses against the alr as a registive 
Hoty o.e. Bre Aetyes uesck tie easily movaxzie Wares of the cross. 
tu the nmegetive ces... the elLectsit@i matter nasses tnto the 


Do.gte Crom tae a#iz, sunetaing that cates: vuarpea Without preseure 
99 ne everted aratis ©. ine noints (105)." 
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John Cuthvdertson, English "philesaphical tnstriumen* maker" 
otferei the valid explanation in 1507, thet -tae motion 
of the fly "is occasioned by the actioa or the electric Pluid 
against the electrified air near the point (25)." 


J2an Baptiste iot, proiessor of natural philosoph; at 
the College de Frence, held, with Poisson, that electricity is 
retained on e@ body's surface by atmospheric pressure. On this 
basis, Biot maintained in 1616 that the motion of the fly could 
nvs be produced in @ vacuum beqausé the electricity cf she fly 
would be instantly Gissipeted. In the air, on the othe: hand, 
motion could be reacily produced if the points were sharp 
@nougk to cnable the electricity to accumulete there ani overe- 
coe tne pressure oF tae atmosphere. Biot thought motion then 
resulted in much the same menner as in a common variety of 
rotating lawn sprinziec (6). 


Tne retrogression in astigning a cause to the electric 
wind continued. The writer of the article “Electricity” in 
the Encyclopoedia Hctropolitena, published about 1824, stated, 
"Sach of these points will give of f a current of electricity, 
which from the reaction of the resisting medium (the ai:}), will 
cause the systen o” points ta revolve backwards with considerable 
rapidity (¢9)." 


Tae English physician Peter Mark Roget, secretary to the 
Royal society, is today less remembered for his scientific 
researches than for als famous dictionary of synonyms (35). In 
a treatise on electricity published in i832, Roget Giscussed the 
fiy: "Currents of sir always accompeny the discharge o? 
electricity, vhether positive or negative, from pointed bodies; 
for each particle of alr, as socn as 1% has received iti 
electricity from tie point, is immediately repelled by the body. 
Thige currents tend poverfully to increese the dissipation of 
eleotricity, by orilagiag la contact with the point e continued 
succession of particles of air that ere not yet electrified and 
are, therefore, vent; to receive a charge." After this clear 
etatenment of the pacncuenona 1% 18 surprising that Roget proceeds 
with “Fach of the »oinss fof the flyi will give off a s%ream of 
eleetricity: this will remove @ part of the pressure which the 
fiutd vould have exerted on tiat side if no efflux had teken 
Dluce; but as the yressure of the flceid on the opposite side of 
the wire in the opyossive direction stil operates in full force, 
the wire will be imselled In the direction of that force, that 
is, duu direction yp site to that cf the stream." Roget goes 
ou to deneribe en ‘tlestvieal orrery," "an apparatus consisting 
ov vircos termiaotia; 12 points, and Laving bails annexe: to 
thei to represent tic dianeti ... constructed go as to revolve 
whoa electrified; and shus to imitate the planetary motlons." 


AoSdm0 bb ens meshem wou eltercd in 103% ay Antoine Cesar 
Penjyucrel, protege. cc? phiysies w: tLe Mugéc 3'Ristoire Naturelle 
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and grsudfather or Satoine Beari Besousrea, dissoverer of 
radioactivity: "Pac experlment of the ealectri¢e fly shows that 
tha motion of badies in eleatricel phegomena is really due to 

ta: difference in vieesure whack wnt alr exerts On ali] the points 
of shese bodiss ... Re electricity essepiag oy the points, the 
greusuce exerted oy the ajy on the extremities yeing greatly 
@lunnished, tae nevi:e turng in a contrary direction (6)." 


Tae mechanism o- the electrie fly was slso conside:red by 

Despretz (1837) (233, Leréner (1641) (56,359), Harris (1851) (42), 

2 ia Yive (13853) /09), Pouillet (32866) (75) and Wiedeman (1865) 
(107), e@11 of whom advocated the recoil cxplanation. Contrary 
to the opinion of tae othe::s who held thas the mechanical reaction 
result2d from the ef-lax of clectricel matter at the points, 
Wicdeman believed tic discnarge of metallie vaper to be responsible, 
Riess (1853) (84), Genot (1857) (35), Eisenlohr (2860) (312) and 
To:linson (1864) (90) isainveined the taeory of mutual repulsion 
bauvee. the electrivied points end the eis. Tomlinson experimented 
in bot: alr and @diciecctric liquids and Glione among uume:rous 
javestigators eclained to chserve rotation in cither direction! 


Ia 1897, Svansc Auguss Arrhenius, the Swedish Nobel laureate 
waoesve name usually orines to mind the theory of electrolytic 
dissoctation, m@asuscd the intensity of the electric wind of a 
point discharge fo. several Gases over ea range of ambient pressures 
(1). <Arvhenius noted the swing of an electric fly so constructed 
itt could deflect uncer torzsien but sot rotate freely. in permanent 
gases che derlection cf the iy, a@ measure of the pressure of the 

ehLeetric wind, was sound to be proportioaal to the embient pressure 
of she gas and, for divferent geses, to vary a6 the square root 
of the nolecular we vht. ‘The reason for this became clear within 
tos next few years with the cemonstration oy Chattock (17) that 

the pressure oF the clectric vind vari2zd laversely with the 
movilivy, the lattes queatity in turn Jepending on the ambient 
preusure and wolecuiar weltht in such 2 way as to give ‘she 
onserved results. 


eepecey and | Manvetll., Michaez Fariday'S obs2rvationt on the 
eLeetyr wind were “ott aahed in 1335 as nae of @ more s;eneral 
etady of the electrical discharge in gase3 und liquids. Paradey 
Foioted cut that “the pars [ot the ein] which is chargel may 
te ons # grelil eae as otf that which is ultimately set in motion", 
Jmplicitly weeognialig snout wae electric aind 13 a momeaturn 
traps cc precess vy friction or collisicn between charg2d end 
UVPielmsils RAS 9aryiuses. Favaday Chveéenvuca ais é€xperimesats to 
cdeleetsie iteulds and seporved, "tlhen tie phenomeua of currents 
er? cbserved in dease inculazring Qieiectrics, they present us with 
extroovdinars degreca; of mechan:.cai Vorce. Thus, if a pint of 
+@Ll weotified and Vlltered atl of turpentine be put in a glass 
VEriIeg., ond teva. wien oe dronjed {muvee it in different vlaces, 
cn? Jerdling ‘io tae eusavrl2a. mueriine are She ethe: to tne dise 
CAEL Treader, on oesiug the macho ne the 2204a will be thrown 


a” 
thy, 
a 


jechnical Peper TP53-2 Page 33. 
a 


insa vielont motion tarougsout ite vhole 2zAava, whilst at the 
sone Gime 4% wilk rise two, three, or Four itches up the machine 
uice, and dart off i1 jets from it into tbe atr (33).° 


Jemes Cleck Motwal. attecsed great izportance to tae study 
cf gaseous diechary? phenonenae Ae wrote, prophetically, that 
tinea Bach preccases ‘ere botter understood they vill probably 
throv sreat light on the nature of ecleciricity as vell asa on the 
nature of pauses ..." Since in Haxwelite tiuse the gaseous dis- 
sharge Wa3 not emenadle to even ridimestary mavbematical 
treatment, he confiued his digeussion of the subject in tis 
classicsl] ""reatise on Electricity end Kagaetisa"” to a few pages. 
Ipterestingly, heli this space was devoted to an account of the 
eleectricewind. Maxv2ll's qualitative analysis of the wind 
necignism wes the 2231 conplete tien written, and even today 
2,etains much of its validity. For this reason it is vorth 
cuotiag at length (59): 


"l.e. When @ eonductos having & sharp point is electrified, 
1n2 theory, based o2 tae hypothesis thai it retains its charges, 
Jeads wo the conclusion that as we appresach the point the 
su.erficial density of the electricity iacceases without linit, 
eo that at the poins itself the surface-density, end therefore 
to2 resultent @¢lectronotive latensity, would ve infinite. If 
tn2 aiz, or other sucrounding dielectzi., hac an inviaciodle 
jJasulatixcg vower, taiis result would actrally occurs but the 
fact is, that a8 sooa vs the resultant intensity in the 
reigzhborkood of the joint has reached a certain limit, the 
jn3siulaticg power of the air yives way, co thet the air close 
ic the ocint cecomes a conductor. At a certsin distance fron 
12 point the resurting Llatenusity is cot surficient to break 
tarough the insnlation of the air, so tkat the electric current 
is checked, end the eclectrleity accumtlates in theslir arcund 
142 poist. 


“Phe poins is Gaus currounpded by particles of air charged 
tits electrieity of the sage kind as ite own. The effeet of 
iits eaarged alr couad the point is te relisve the air at the 
yokrt itsel? from pivt of the enormous €lcetcomotive intensity 
trich .t would have ss0@eri@nred if the conductor alone had veen 
clocte:. fied. In Crzse, the surface of tle electrified bvoay is 


ro loner pointed, >?cauee the yoins is enveloped by a rounded 
5235 0. charged a>, the surface of which, cather than the 


wollu curductor, a. b2e regarded as the ovter electrified 
to cet Gu. 


bis cortiwva of caarged gir covia vw kept stili, the 

@ bods would resaia tte charg:, i° vot on iteeif at 
ts gel Si:boechood, but the caar sc 2a: ticles of sir 

ee to 40%. 1988. 1ae@ action ef eleccsrieai Yoree, tend 

Ver Owe Seek ul elLeesrified budy -ccaase it is charged 
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with the same king c¥ Siectrielty. The charged particlea of air 
sherefaore tend to ecve off in the direcztisn of the lines of 

lorce tad to approseh those avrrounding bodies vhich are opposiicly 
electrified. When thoy are gone, other uncharged particees take 
sheiv alace sound ike point, aac since shere cennot shiclé those 
aexte the point itself Prose the excegsive electric tension, & new 
lischsrge takes place, after which the neviy charged pariicies 

neve off, aud so on 45 lozg eas the body remains electrified. 

“Tn this vey the foliovimns phenoveia are produced: At and 
tlose to the point tuere 16 @ steady Glow, arising from the 
2cnstent discharges which are tezing place between the point sad 
the a: r very near it. 


"Pha charged particles of air tend to move off in the same 
senernl direction, end thus produce ea carrent of air from the 
ooint, consisting «af the charged part'cles, and probably of 
others carried alongs by them. By artillelally aiding this curreat 
ge tay iacrease the giov, azd by checxiig the formation of the 
current ve may prevent the continuance of the glow. 


‘The electric vind in the neighooriood of the point is 
sometimes very rapid, but it soon loses its velocity, and the 
air vith ite cherged partieles is carri2d about with the generai 
ao%ioss of tae atnenphere, end constitutes au invisible electric 
cloud. wWhen the cnarged particics cose near to any conducting 
guxvfere, suca @b & VWSll, whey induce on that surface a charge 
opposite to their ovn, and are then attracted vovards the wall, 
buc since the electromotive force is 3smsil they may renain for 
a Lomas time aear the wall without »,elag drawn up to the surface 
and G.seharaed. Gacy thus form an electrified atmosphere 
c.inging to conductors, the presence of which may sometimes be 
d:tected by the electrometer. The electrical forces, however, 
Bctany, netween Hosvc wmesces of chacgekh itr and other bodies are 
exceelingly Pfesoleo compared vith the ordinary Porees which 
produce sinds, end which depene on inegualities of density due 
to dilferences of somperecure, Bo thats iv is vary imorodable 


tist samy obveovvay.. part of the motios 2 crdinary thunder ciloucs 
AVLE?: Prom vicetc. al ceanscga ee. 


“She electyvisn. glow 16 thevefer: jasecuced vy tue constant’ 
NLHOR @ IF Electricity throveh & swall vaociion of air saa which 


wae Cengiow in ver Pigh, So AaB ve chirge@e tae uurrouad particles 
oO! @:: unick are = .tinuell, sewent orf sy tae electric vind, 
Wa.c.s, TG am A550n lak pears GY ve  vueIiD neRpon.” 


12808 OF renjeciar tiie elecuric figd visa>vle, S3e@¢cariea, in 
: Rains aero teen seine tastes 6) See: oe en ree SO : 
Lftl, Poilowed tie scurse of the clectrie vind oy obse:ving che 
Puow ines ef tne wscke of Curnins vhossAeorur 1 the f§igcharge 


: aa tee 
went CS 4 
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Another method Yor rendering the 2lectric wind visible was 
given in 1786 by Cuthbertson (24). He placed a piece of heated 
caupho: on a discharge point and formed, by the joint action of 
alr curreats and condensing vepor, moss-like camphor dendrites. 


Exploration of the electric wind Sy noting the deflection 
of @ pmell flame in the path of the air stream has been 
ecvuasionally emploved. Otservations are complicated by the 
icuized structure of the fame. A canile flame, for example, 
is peeltively charged anc will consequently be attracted and 
repelled at tae same time by a negative discharging point. 

Tne candle technique is old; i% was used by Cavallo (14) ana 
Cathbertson (25, 26) in 1777 and by Remer in 1801 (33). 


In 1368, téplex extended the earlier smoke-tracer nethod 
fox rendering visible she flow pattern of the electric wind by 
iatroduciag a sehlieven technique (100). He wrote, “an 
uavarnished boxwood vol with rounded ends was attached to the 
electrical machine and its free end vrovght near to a 
grounded wire cphere ... When the a:srangement in front of the 
main Lene system of the optical eppuratus was examined at 
constant Light intensity, ou Gimmering air movement, flane-like 
iu appearance, vas cbhserved between the rod and the sphere." 
Toyler demonstrated shat the eleetric vind was not guite the 
*sool vind” of Kinnersley, for if the air hed not been warmed 
oy the giow, differcne 2s in refractive index required for the 
schlieren effect would not heve existed. 


It was shown vb: Warburg in 1902 that uader certain 
civcum3taaces the clectric wind could be made luminous (102, 
403, 194). Warburg denonsvrated that gassst into motion by 2a 
acyative discharge in oxygen-free nitrogen underweygt chemical 
change et the discharge electrode. The phosphorescence 
accompanying the return of the gas to its original state rendcred 
it visible and so cxhihited the pattern of the flow. 


More recently (1930} tedenburg and Tietze employed schlieren 
phutography La connicetion with a jet of carbon dicxtde gas 
lairodaced into the ais in the region of the discharge (57}. 

The dicection end turbulent character of the eleetrie wind vas 
eoraily disvlayed. 


Mae dust contvuvers., Unvil about the last quarter of 
Gas “ineyceaty eensesy it hac been comgoatly taken for granted 
tit air garticles were capelic of ecle:trification or, as we 
would jay, Gas moleculce are capable of ionization. Coulomb 
(2°?) wao in 1785 iaveocigavec the Loss of electricity from 2 
cacrged body suspened by .geulatiag strings thought that after 


micow'ng for leakage along the supportay come jest charge still 
eoavdnee to be aecountca for by & evaveetive alacherge through 
tar aie. Convective adicchmrge or eleeirical couvection vere the 


eo applied te the @.seage of eleutrielyy fron one place to 
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enother by the motion of chargeebecarirg particles of ordinarily 
cocherged matter, ¢.%-, gas molecules, cust, ete. Coulomb 
eapposed that air parscicles in contact with e charged body 
zeguired an electricai charge of the same sign as the hody and 
that the particles were then repelled by the body. Accordingly, 
nolecules of eis coniad be charged with clectricity, much Like 
bite of metal. 


Here and there an oceaslional question was raised regarding 
the validity of this charging theory. Feradey, though voicing 
scone reservations, went elong with the ;revailing belief. 
Kianersley and Frankiitn hag objected more strongly. As Priestly 
tells us "Mr. Kinnersiey of Philadeiprhis, in a letter dated 
tarch 1761, informs hiv friend end correspondent Dr. Franklin, 
then in England, that he couid not electrify anything by means 
of steam from electrified botiling water; from whence he con- 
cluded that, contrary to what had beer supposed by himself and 
his friend, cteeam vas so far from rising electrified that it 
eft iva share of common electricity behind (52, 80)." 


{un time, howev2r, experimental dete eccumulated which 
Beemes to be explicable oly on the hypothesis that molecules 
of gases or vapors resisted electrification. Warburg in 1872, 
iupported by Nehrwold in 1887 adduced compelling evidence that 
the icas of charge from an isolated electrified body could be 
accourted for by the presence of dust in the ambient air (73, 
1.0L). Yhese reseaschere held that it was the dust and not the 
uly stelking tne charged oody that war veaponsibie for carrying 
orP tre electricity. Ica this newer view the dust did not even 
have to be present in the original eir. It might, it was 
believed, be given off by the charged cunductore under in- 
vestisation. Thus Lenard and Wolf demonstrated in 1889 that 
when ultvraviclet light fell on 3 negatively electrified platinum 
purface, @ steam jet ln the neighborhood of the surface shoved 
by ite change of color that the vapor had been condensed 
(63). Lenarec and Yolf attributed the condensation of the 
det tc aust or metailic vapor emitted from the illuminated surface, 
‘the dust producing condensation by form:iag nuclei around which 
“whe uewer droplets coulésced. The experimenters were, of course, 
observing the photcegission of electrons fron the metallic 
“urtace by meuns cf 2 primitive cloud chamber. But being unaware 
of the exisvence of elcetrogs or gesecus ions and supposing 
hat cuat was indisvensible to drovlet condcasationu, Lenard and 
Vel? vere lec te coteluge that the neta. ves distutegrating 
under the action cf tre light, the m@ia.lic vapor carrying off . 
“be négutive elect. icity and leaving leiiind tue positive. a 
:imil:: experiment, directly bearing cy the clectric wind, was 
»erformed by R. ven viclaholz in 1887 €4&6). He had directed aa 
ezecetric wind against a jet of steam cud observed soe conversion 
ef Ghée sueaa te viclote reg just ec if dust partiel.es nad veen 
[Etrocwecd. The iclic#? that @ir mcl@cu.es could not o€ charged 
VEG Vesener suppor’. i or the experine:rtsi results of Blale in 
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1303 e@28 Sehncke in 1636 (9, 89}. These atudies seemed to show 
taas not omiy is there no viectricity aroduced by the evaporation 
of ap amelectrified liquid, but also tet the vapor rising from 
an electrified liquid does not carry a charge. It was natural 
@nough to argue thnt if melecules of vapor are capable of 
receiving @ charge vnder eny ecireunstaaces they should be 
exvect2d to do so in tais s@se. 


fhe conviction thet tre presence of dust is a necessary 
caudition for the «:.5scouo discharge in general ané the electric 
wiad io particular died hard. Aspérin reported iu 1888 that 
the presence of dust had no effect on the intensity of the 
electric wind and tuscrvefore could not contribute to its 
explanation (2). 


Lord Kelvin ani Magnus HecLean further observed ia 1894, 
"Trat air can ve eluctrifisd either positively or negatively 
is obvious from the fact traat an isolated spherule of pure 
water, electrified citner positively or negatively, can be 
wholly evaporated in the aly ... This demonstrates anu affirmative 
enuawer to the guestion, caa a molecule cf gas be charged with 
flectricity? and saove vhat the experiments referred to as 
Folnting to the opoosite conclusion are to be explained other- 
wise (50)." Despit» tis *. 3raun could write as late as 1896 
(11), "fhe question of whether a ges cen be electrified is 
-enswered mestiy in se negative, eat least among German ftavestigators. 
£1 phenomena indicst. 1g tae possibility of electrification can 
te explained by the presense of dust particles that mignat have 
teen contained in che gas from the outset or else introduced during 
tae process of electri Zication.” it was not long, howaver, before 
the lant vestige of doubt on this score was eliminated. X-rays 
were discovered in 1895. Almost immediately J. J. Thomson at 
tao head of ea brilliant group of young ecientists at the Cevendish 
Lasoratory of Cambridge undertook to answer the question of how 
€ases are made conductive by the new raciation. It was quickly 
Sound thet gas rendered conducting this vay lost all its con- 
custivity whea filtered through glass weol or traversed by an 
electric fleld. The conclusion was inevitable that gaseous 
co2ductivity was du: to the preseace of electrified particles. 
these particles were called lons by analogy vith the term coined 
by Farsndcy in 1634 uwlth reference to the charge carriers of 
electrolytic colutions (33, 95). 


enantitative ciaory of the glectric vind. D. Kaempfer, in 
Fis inoucsural disse station at Marburg in 1033, seeus to have been 
the Pirst to attems: a quantitative theory of the electric wind 
(49). nlerging oa th? earlier work of Melde (70, 71), Kaempfer 
eeriveu cquations Linking the pressure genereted by an clectrie 
Vly vitu the caarg: lost ia the co-onee Ia 1893, 6. Lehman, 
gessecoor ef shyeics af the University © Halle, gublished 
cabtulcvions lacludiag tae vohocity of ihe eleetric wind es anotcer 
wordicete (62). The carly theory was taceé on a nunber of 


qauceticagdle areumpsions; uscokrces wag to co made only by 
abruacaing the old approacses aad etariiag afresh. This vas 
lupe Ur Ae BP. Chatisck, groveseor of paysics at the University 
of Bristol whe, in 1899, feveloped a relationship betveen 
Cheatrie ging presse e asc aurrcat for piasc parallel sleatrodes 
{45)e Chsttock's p:-essurc-eurrent equation was extender to 
other yeonetries by 63 in 1994 (65). Ia 1957 Harsey examined 
tac effects on the «lectricenl persmcters of a corona discharge 
waieh nre brought asous by the notion of the gas etream (22). 
3uch erfects sre enril in yases moving at electric wind 
voiotiiics but need not renain so if a Qielectric liquid is 
suhbstiscuted for the gascova nedium. Paying special attention 
to svueci &@ cese Stuetser, Ju 1959 and 1360, Zurther expanded tire 
work of Lb aad Havacy, giving the most complete eanalysic of 
iou-drog phenonena siat kas yet been offerec (90, $1, 92). 


Slectrical pre..ipitation ard the electric wind. In 1930 
Latendorg aad @letz: Invescigated the action of the electric 

‘aind in tue clectriol precipitation process (357). The 
conelusloa of these vritern - that the wind plays w significant 
role ig transportin: particles to the collecting electrode cf the 
yreaipitetor « was challanged by the experinents of Deutsch in 
193i (30). whls, with the results of Mierdel and Sieliger in 
29435, provided convinclng  »roof thet tae cleaning effects 

Sbvainwd in coumere:cl presipitaters could be understood witnout 
lavokicg the electric vind (72). In tne cose of laboratory yre- 
clip. tatoss, howeves, Deutezh shoved in 1925 that the pracipitating 
forve of the ciectric wind may be considerable (29). 


Beedle et ele i. 195% sonotructed a portable electrical 
e@tygizag precisitates orovided vith on electric-wind aizr Plow 
cae tes (4). A stullar apparatus was patented by Hahn in 
1954 (40). 


forone loudgpe:.cere. iduch of the recent interest ia the 
electric wind has 3cer re.ative to the corona loudspeaker. The 
éerice consists esseiritially of a corona-discharge electrode thre 
g-u posential of walsh 29 :nodulated by an aiteraating sigual. 
The mnodrleted outpus taereipon eppearcs eu pressure variations in 
tag sesultant elect ‘te-wind. Sance there i3 no ponfterarie 
virvating disp2rags - only gas ‘ons and asnociated molecules 
zove - hichber Srenusicles uaen in conventional loudspeakers 
C@a, i5 BPineiosie, 9? achi aved. 


Pouce tm .95> .-‘alated a point discharge sy neans of a 
COberot Grice His Leatepeakc> had a s.aouth frequency response 
ta id kc/ege anc arz* 20 Gee power frou “a ucoustic signal 
eouree. Hontlinueartt: ras 4 severe Limi! .1 (93). 


A thogumlowls © .i5 producing positive isa: iz atnosrrerit 
“af Was devi.ai by tein 42 i946. an emitéiing surface coated 
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vita a mixture of platinum, alumigua proephate, graphite and 
int diua replaced a rolat electrods (3%, 53, 54, 55, 96). 


In 1954 Lob made a theoretical study of the relations 
ex.sting between static eiszctric-wind pressure and applied d-¢ 
v¥o..teage for plane-parallel, spherical and cylindrical electrode 
configurations. His equations held within linita saisc for 
@.2aIrnating pressures resulting frcem a superpositiono® an a-c 
vo.tage on the discharge dec voltage (65). 


Patents. A nunbver of patents have been issued in 
resent decades on devices for propelling sir by the action of 
the electric wind. Among these may be nmeationed the eleetro- 
etatic blowers of Beanet (7), Slayter (87) an< Lindenblaa (64). 
Falueff proposed to cool high-voltage trensforusre vy seuuaing 
them with corona discharge points (78). uahn devised a 
conbination blower-electrical precipitator in which the corona 
sinulteancously charv2a suszended dust and generated the pressure 
reveded to insure gas flow through the system (49). 


Miscellaneous vors. At the turn oi the ceatury, one of 
the first problems consect2d with the then newly direnvered 
wecshanisr of gaseous conduction was that of measuring ioaie 
mowllity, tne veloc: ty of an ion in unit clectric rieid. 
Chetesek eanucccedad in det2xminiag ionic nubility in 1899 by 
establisiing a reiationsalg between the mobility and the presstre 
of the clectric wind (16). Chattock's luter vork in 1901 and 1910 
extendcd these neasarevenss to otaer gases than aix (17, 18). 
#. Vasiant of this technique was developed by Ratner in 1916 (82). 
Th? eleetric-wind acchod for measuring notilities is relatively 
imaccurate end has today been conpictely replaced by more 
tatisfactory modera procedures. 


fue first quantitative study on tae elentric wind appears 
to have teen perfornaed by Holtz. In 18f0 he determined the 
velocicy of the electric wind bota by otserving the rotation 
ck en clectric fly sad by acasuriag, the pressure produced by 
ta2 wind egainst a. aujaeeat surface (443. 


Von Qvermeyer and von Pichler mensired tae velocity nore 
ctreetly, in 3365, >»y s.eans of an aneroreter (75). They 
-avestigcted tue electrizs glad fron a bundle of Gtarharze points 
€é3 weli cs fioa 2 siaagle point. fs hooting thete influence 
t:asnineo in se rica shey attained volteges cf up to d3 Kv. 


Lehsan, ia tye publications, in 1867 and 1898, gave an 
extenetve qualitativz> account of the elcetric vind. The eleetric 
Wiad wes used to exodlain c@riain stratified electrical dis- 
charges and ta? share and sehavior of tre eleetric are. The 
vwi3ad pattern ae 2 iauction cf tie electrone gecaetry was con- 
viadcred end the pheavitnon of the *:agneiic ving was iatroduced. 
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ihe latter is the nance Lehman gav¢ to an electric wind deflected 
in @ nagsetic fiele, en etfect which ia gaa under room conditions, 
{6 iasignificent (61, 62). 


‘ne G@igstribvbutica of the electric wind velocity in terms of 
Jiectrode geometry, curreat and voltage #68 considered by Heiser 
in 1955 (h4, 45). 


Aues and Sharbaugh reported on the pumping of dielectric 
liquids ey a corona dischergs in 1958 (3). A method for producing 
lowecurrant high-vcltsge pover by transporting electrical charge 
in @ ovine ges stream, inetead cf a belt as in a van Ge Graaf 
generuto?, was described by Gcurdine in 1960 (37, 38). 


ther recent vriters to mention whe electric wine include 
Yarburg ta 1927 (102), thomson in 2933 (94) ané& You Engel sane 
steinback in 1934 (32}).% 


* Wort ox rolated interest dealing with the movenent of liquids 
in electric fields includes Vonnegus, G3. and Neubauer, R. L., 
‘Production of Morodisperse Liquid Particles by Electrical 
Atomisation,” J. Colloid £ed. 7%, 616022 (1952); Drozin, V. G.,; 
"Yhe Hleetrical Disperstor of Liquids es Aerosols,” J. Colloid 
el. 1.6, 158-64 (1955); Newab, M. Ae ond Mason, S. G., "The 
reparation of Uniform Emuleions by Eievstrical Dispersion,” 

J. Colloid Sei. 13, 179-87 (1958); Pohl, H. A., "Some Effects 
of Non-uniform FLélds in Dielectrics," J. Appl. Phys. 29, 
1182-6 (1958). wT 
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